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a b s t r a c t
For ferritic stainless steels, TiN has effectively been used as an inoculant to produce equiaxed grain structures in casting and welding. However, it is not established whether TiN would be an effective inoculant
in additive manufacturing. In this study, the effectiveness of TiN as an inoculant in a ferritic stainless steel
processed by laser powder-bed fusion is studied. An alloy without Ti is fabricated and compared to an alloy designed to form a high amount of TiN early during solidiﬁcation. The work shows that the presence
of TiN provides general grain reﬁnement and that TiN-covered oxide particles are effective in enabling
columnar-to-equiaxed transition in certain regions of the meltpool. The applied approach of pre-alloying
powders with inoculant-forming elements offers a straightforward route to achieving ﬁne, equiaxed grain
structures in additively manufactured metallic materials. It also shows how oxygen present during the
process can be utilized to nucleate effective inoculating phases.
© 2020 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Additive Manufacturing (AM) of metallic materials using
powder-bed fusion based techniques, typically results in columnar
grain structures at the mesoscale due to directional heat ﬂow during solidiﬁcation [1]. Such grain structures may be susceptible to
cracking [2,3] and result in anisotropic properties, thereby complicating design of components with reliable and predictable mechanical behavior. Based on solidiﬁcation theory [4], the transition
from columnar to equiaxed grain structure can be inducedby reducing the thermal gradient at the solidiﬁcation front or increasing the cooling rate, which in turn increases the solidiﬁcation front
velocity. Additionally, it is also possible topromote equiaxed grain
growth by modifying the alloy composition to increase the constitutional supercooling or by introducing large amounts of heterogeneous nucleation sites (inoculating phases withlow undercooling for nucleating the solid). These approaches have been utilized
in AM [5] by altering the process parameters such as scan speed,
beam shape, beam diameter, scan rotation [6–8], and by using inoculants to change the solidiﬁcation conditions [3,9–11]. Successful grain reﬁnement in different material systems by modifying
the feedstock powder through ex situ addition of inoculant-forming
nanoparticles have been reported on [3,9]. However, the practi-
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cal diﬃculties of how to incorporate these nanoparticles into the
feedstock powder and safety concerns should be recognized. Prealloying the powder with inoculant-forming elements, on the other
hand, allows for in situ formation of the inoculating phase during
printing [10,11].
Recently, Karlsson et al. [12] reported on a ferritic stainless steel
AISI441 produced by L-PBF from an unmodiﬁed feedstock powder
having excellent mechanical properties (>679 MPa yield strength)
attributed to a very ﬁne grain size (<1.8 μm). For this class of
steels, TiN is reported to be an effective ferrite inoculant in both
casting and welding [13,14], given the low lattice mismatch between TiN and ferrite, and favorable interfacial energies. However,
it is not well-established whether TiN is an effective inoculant for
ferrite for AM. The purpose of this study is hence to explore if
grain reﬁnement can be achieved under L-PBF conditions by in situ
formation of TiN inoculants during the AM process with ferritic
steels as a model alloy.
Two ferritic stainless steel model alloy powders based on the
AISI 441 composition, one without Ti (Ti-free), and one with higher
amount of Ti (Ti-high) than AISI 441 to delineate the effect of Ti,
were designed to be nitrogen gas atomized. Computational thermodynamics based on the Calphad method [15] was applied for
the model alloy design and the Ti-high composition was selected
based on: (i) maximum solubility of N in the liquid phase (~ 0.1
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Table 1
Measured chemical compositions (wt.%) of powder and as-built ferritic stainless steels without and with Ti.
Alloy

Cr

Ti

N

C

Ni

Si

Nb

Mn

Co

V

Mo

O

Cu

P

Al

Fe

Ti-free powder
Ti-free as-built
Ti-high powder
Ti-high as-built

17.7
17.8
18.7
19.1

<0.01
<0.01
0.85
0.73

0.079
0.08
0.14
0.097

0.017
–
0.021
–

0.27
0.25
0.12
0.15

0.43
0.6
0.52
0.77

<0.01
<0.01
0.27
0.29

0.83
0.79
0.92
0.86

0.02
0.02
0.01
0.02

0.04
0.04
0.06
0.07

0.05
0.04
0.04
0.04

0.057
0.068
0.038
0.046

<0.01
<0.01
0.01
0.01

0.011
0.012
0.012
0.011

0.007
<0.01
0.023
<0.01

Bal.
Bal.
Bal.
Bal.

Fig. 1. Phase fractions at equilibrium as a function of temperature calculated for the (a) Ti-free and (b) Ti-high as-built compositions listed in Table 1 (the major elements
in the oxygen-rich and intermetallic phases are indicated in the legend): different types of high temperature oxides are predicted to form for the two compositions. TiN and
Ti-rich corundum are predicted to form during solidiﬁcation before ferrite for the Ti-high composition.

mass%) at typical gas atomization temperatures, and a tradeoff between (ii) maximizing the amount of inoculating phase, TiN, stable at the solidiﬁcation temperature of the ferrite phase, while (iii)
limiting the stability of the intermetallic phases Laves (Fe2 (Ti,Nb))
and σ -phase that becomes stable below 970°C in this case. The
Laves and σ -phase are both undesired due to their embrittling effect on the mechanical properties [16,17]. The amounts of minor
elements were speciﬁed to be as low as possible.
The two alloy powders were fabricated by means of nitrogen
gas atomization by Kanthal AB and were sieved to 10 – 45 μm size
range. Cubes with dimensions 5 mm x 5 mm x 5 mm were built
by means of L-PBF in an EOS M100 machine. The following process
parameters were used: 110 W, 800 mm/s, 80 μm hatch distance,
20 μm layer thickness. The printing atmosphere was argon and
the oxygen levels were maintained at >0.1vol% during the process.
Pressure in the printing chamber was 1 atm at 20 °C and the build
plate was not pre-heated. The resulting densities were greater than
99.9% for both materials. The powder compositions and the compositions of the as-built materials, measured by ICP-OES and LECO
analysis, are shown in Table 1.
Figure 1 shows the equilibrium phase fraction versus temperature for both Ti-free and Ti-high as-built compositions calculated
using Thermo-Calc Software TCFE Steels/Fe-alloys database version
10 [18]. Trace elements were not included in the calculations. For
the Ti-free composition, ferrite is the major solid phase expected
to form, with a small fraction of ionic liquid consisting of Si4+ ,
Mn2+ , Al3+ , O2− , which is predicted to solidify as spinel phase.
For the Ti-high composition, TiN is expected to form during solidiﬁcation before ferrite formation. Also, Ti-rich ionic liquid is expected to solidify as Ti-rich corundum. In casting, it has been
demonstrated that TiN itself preferentially nucleates on complex
titanium-containing oxides (TiOx ) like Ti2 O3 Ti3 O5 , Ti2 O [14–18],
resulting in TiN-covered particulate complexes, which act as effective ferrite inoculants to produce equiaxed grain structures. Hence,
the oxygen pickup during atomization, powder handling, and L-

PBF process,can be expected to lead to corundum formation, which
could favor TiN nucleation in the Ti-high composition.
The as-built microstructures were characterized using electron
microscopy. Samples for scanning electron microscopy (SEM) were
sectioned parallel to the build direction and prepared by grinding
and polishing to 1 μm diamond ﬁnish, followed by ﬁnal polishing
using colloidal alumina and silica solutions (50 and 40 nm-sized
particles, respectively). The grain structure was analyzed by electron backscattered diffraction (EBSD) in a focused ion beam (FIB)
Nova 600 nanolab dual beam ﬁeld emission gun (FEG) FIB-SEM.
The EBSD measurements were performed at 20 kV using a Symmetry CMOS EBSD detector from Oxford Instruments. The EBSD
data was processed using MTEX v5.2.8 crystallographic Toolbox
and Matlab R2018b. Complementary backscattered electron imaging was performed using a Jeol 7800F FEG-SEM. The particles in
the materials were further studied by transmission electron microscopy (TEM). For the Ti-high material, FIB lamella was lifted
from a ﬁne-grained region; in the Ti-free material the sample was
extracted by random positioning. The FIB lamellae were thinned
to electron transparency by rough milling at 30 kV followed by ﬁnal milling at 5 kV. TEM was performed in a Jeol 2100F FEG-TEM
operated at 200 kV. Chemical analysis was performed by energy
dispersive spectroscopy (EDS) using a X MaxN windowless EDS detector.
Comparing the builds fabricated from the Ti-free and Ti-high
powders, it is clear that the same build strategy and process
parameters result in very different microstructures as shown in
Figure 2. The Ti-free material (Figure 2a) has a microstructure with
larger grains extending over several build layers and a <001> ﬁber
texture parallel to the build direction (Figure 2c). The Ti-high material (Figure 2b) has a ﬁner microstructure with columnar and
equiaxed regions outlining the separate melt pools and the texture
seems more randomized (Figure 2d). Though both materials display lognormal grain size distributions (Figure 2e), the mean grain
size decreases from 14.2 ± 1.1 μm to 1.2 ± 0.01 μm (95% conﬁ2
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Fig. 2. EBSD inverse pole ﬁgure colored maps showing the microstructure in the (a) Ti-free and (b) Ti-high materials; build direction pole ﬁgures for the (c) Ti-free and
(d)Ti-high materials; and (e) the grain size distribution of the two materials (note that both the pole ﬁgures and the grain size distribution are based on larger data sets
than the ones shown in (a) - (b)).

dence) by the addition of Ti and the whole distribution is shifted
to smaller grain sizes. There is evidently signiﬁcant grain reﬁnement in the Ti-high case.
To better understand the grain reﬁnement mechanism, possible inoculating particles in the two different microstructures
were analyzed by SEM and TEM. The Ti-free material contains a
ﬁne dispersion of particles evenly distributed within the grains
(Figure 3a). STEM HAADF and EDS show that these particles are
spherical Cr-Si-Mn-Al-containing oxides (Figure 3e, g and h). The
Ti-high material is found to have a different distribution of particles in the ﬁne-grained regions compared to the columnar regions (Figure 3b). In the ﬁne-grained regions, particles are seen
distributed randomly within the grains (Figure 3c) and a majority of them have diameters greater than 20-30 nm (histogram in
Figure 4). In the columnar region, particles are also seen. They are,
however, ﬁner with a majority sized 20 nm or smaller (Figure 3d,
histogram in Figure 4). From STEM HAADF imaging (Figure 3f) of a
ﬁne-grained region, it is seen that the particles are cuboidal with
irregular shapes and appear in most cases to consist of clusters of
a few particles. A STEM EDS line measurement (Figure 3j) over a
particle cluster (Figure 3i) shows that the core is Ti-Al-rich oxide,
and the outer parts have a higher concentration of Ti and N. It
should be noted, however, that the energy of Ti L and N K lines
are overlapped in EDS, and N in the presence of Ti has therefore
been estimated by peak deconvolution comparing with the Ti L/K

line ratio. Since N is detected only in the outer parts of the particle where the O content is low, these particle clusters presumably
have a Ti-Al-oxide-core and outer layer of TiN.
Hence, there is a clear difference between the Ti-free and Tihigh materials, both in terms of grain structures and second phase
particles. Since the main difference between the two compositions
is the amount of Ti (Table 1), the effect of adding Ti and the formation of TiN in situ can be delineated through a comparison of the
two structures. There are three aspects that elucidate this effect:
the presence of different types of particles in the Ti-free and Tihigh materials, the different sizes of particles in the columnar and
equiaxed regions of the Ti-high material, and ﬁnally the observed
grain structure at the meltpool scale.
Firstly, consistent with the fact that there is oxygen present
already in the powder (Table 1), a fairly uniform distribution of
oxygen-rich particles throughout the build for both Ti-free (Cr-SiMn-Al-O) and Ti-high (Ti-Al-O) materials can be seen (Figure 3).
This is expected for L-PBF processed materials, where nano-oxides
are typically found owing to oxygen from the feedstock powder
and L-PBF process conditions [19]. For the Ti-free material, the
thermodynamic calculations (Figure 1.a) predict the spinel phaseto
be stable. It was not possible to conﬁrm the crystal structure and
it is not clear based on the morphology whether the oxides are
spinel [19]. Through previous studies [13,20], it has been shown
that oxide particles are not effective nucleation sites for ferrite
3
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Fig. 3. Distribution, morphology and chemistry ofparticles: SEM backscattered electron images showing (a) homogeneous distribution of particles in the Ti-free material and
(b) a different distribution of particles found in columnar and equiaxed zones of the Ti-high material, as seen clearly in the zoomed-in images of (c) equiaxed region and
(d) columnar region; STEM HAADF images showing the particle morphology in (e) Ti-free and (f) Ti-high materials (equiaxed zone); STEM-EDS line scans of (g) the spherical
particles in Ti-free material and (h) the irregular shaped particles found in Ti-high material (equiaxed zone).

as a very high undercooling is required. Therefore, there is no
inoculating effect of oxygen-rich particles on the grain structure
for the Ti-free material. On the other hand, the Ti-high material
seems to have TiN encapsulating Ti-Al-O particles, which can act
as inoculants. This is consistent with thermodynamic calculations
(Figure 1b), which show that TiN and Ti-rich corundum are stable
up to temperatures close to 20 0 0 K. Therefore, the observed par-

ticle clusters (Figure 3f) have most likely formed by nucleation of
TiN on corundum particles early in the solidiﬁcation process, since
the peak temperatures during L-PBF can reach 250 0-30 0 0 K [21–
23]. In fact, these particle clusters are very similar to TiOx /TiN clusters reported in the case of casting [24,25] which act as inoculants,
although at a much ﬁner scale in this study, suggesting that TiN
preferentially nucleated on the oxides rather than homogeneously
4
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in the liquid [26]. Accordingly, the presence of oxygen, which can
be diﬃcult to completely avoid during powder handling and L-PBF
processing, seems to be advantageous in enabling the in situ formation of TiN inoculants for grain reﬁnement.
Next, the implications of different particle sizes in the columnar and equiaxed regions of the Ti-high material (Figure 3c and
d) on nucleation and growth of new grains are analyzed. At L-PBF
conditions, the undercooling required for heterogeneous nucleation
and growth of equiaxed grains has to be viewed in relation to the
undercooling for epitaxial growth of columnar grains from the underlying, already solidiﬁed material, which is the competing mechanism. The undercooling for columnar growth (driven by thermal
gradient) can be anywhere between a few degrees to a few tens
of degrees, depending on the process parameters [14,27]. Based on
nucleation theory, Nakajima et al. [20] calculated the critical nucleus size of TiN for effective nucleation of ferrite to 7.4 nm and
validated it experimentally. The undercooling required for further
growth of nuclei into equiaxed grains is, however, dependent on
the inoculant particle size on which they nucleate and can be very
high if the particle size is very small. According to Greer et al.
[28], the undercooling required for the growth (Tfg ) of nuclei that
form on the inoculant surface as a function of the inoculant particle size can be calculated as:

Fig. 5. Schematic showing the conditions and the distribution of particles at different parts of the meltpool that inﬂuence the grain morphology.

This is a typical structure observed in L-PBF processed materials
and is mainly dependent on the local thermal gradients, which can
be inﬂuenced by the scan speed and scan rotation [7,29]. Regarding the texture, it is also interesting to note that the <001> ﬁber
texture, as observed for the Ti-free material (Figure 2c), is found
in ferritic stainless steels produced by strip casting [30] with a
high directionality in heat transfer which resembles the present
situation. The more randomized texture (Figure 2d) in the Tihigh material further indicates that the solidiﬁcation conditions
have been modiﬁed. In the Ti-high material, ﬁrstly, columnar-toequiaxed transition in morphology is seen within each meltpool.
This can be explained by the presence of TiN-oxide particle clusters, present in larger sizes in the equiaxed regions and smaller
sizes in the columnar regions. Furthermore, local thermal gradient (G) is expected to be higher and solidiﬁcation velocity (V) is
expected to be lower at the bottom of the meltpool compared to
the top, which favors columnar growth [31]. This is depicted in a
schematic in Figure 5. Moreover, there is signiﬁcant reﬁnement in
grain size in the Ti-high material compared to the Ti-free material
in both columnar and equiaxed regions (Figure 2a and b). Reﬁnement of the columnar grains is potentially due to them nucleating
on the ﬁne, equiaxed structure at the top of previous meltpools in
the underlying solid layer.
In summary, the eﬃcacy of in situ formed TiN as an inoculant
for ferritic stainless steel in L-PBF was demonstrated by comparing
the structures of a Ti-free base alloy and an alloy with Ti. Though
ﬁne oxygen-rich particles were present in both cases, they were
of different types and in the case of the alloy with Ti, covered
by TiN, which enabled grain reﬁnement and columnar-to-equiaxed
transition. TiN, which has traditionally been used as an inoculant
in casting and welding, may therefore also be used in L-PBF, further aided by the presence of oxygen-rich inclusions. This paves
the way for design of new powders pre-alloyed with alloying elements that form inoculating phases in situ during AM. Furthermore, the oxygen level of the powder and possible pick-up during
the process may also be utilized as a design strategy to nucleate
suitable inoculating phases.

4σSL
Tfg =
S v d
where σ SL is the solid-liquid interfacial energy, Sv is the entropy of fusion per unit volume and d is the particle size. Taking σ SL as 0.045 J m−2 and Sv as 7.2646•105 J m−3 K−1 calculated using theThermo-Calc Software v2020b TCFE Steels/Fe-alloys
database version 10 [18], the undercooling as a function of the inoculant particle size is shown in Figure 4. In line with these calculations, the particles in the equiaxed region seem to be more effective for nucleation and growth of ferrite than the much smaller
particles in the columnar region due to lower undercooling, also in
comparison with the undercooling required for columnar growth
(Figure 4). To predict the columnar-to-equiaxed transition more accurately, the local thermal conditions also need to be known.
Finally, considering the grain structure at the meltpool scale, a
polycrystalline structure in the Ti-free material is observed where
the grains themselves in many cases span several layer thicknesses.

Fig. 4. Undercooling for equiaxed growth on inoculant particle as a function of the
particle size (black curve with y-axis on the left): The particles in the equiaxed region of Ti-high material are larger than those in the columnar region (given by the
two histograms showing the probability of the inoculant particle size as indicated
by the y-axis on the right, based on measurements from SEM images) and therefore more favorable for nucleating equiaxed grains, when compared with the undercooling required for columnar growth (rough range indicated by the green line
segment).
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